Anaerobic ammonium-oxidizing (anammox) bacteria convert nitrite and ammonium via nitric oxide (NO) and hydrazine into dinitrogen gas by using a diverse array of proteins, including numerous c-type cytochromes. Many new catalytic and spectroscopic properties of ctype cytochromes have been unraveled by studies on the biochemical pathways underlying the anammox process. The unique anammox intermediate hydrazine is produced by a multiheme cytochrome c protein, hydrazine synthase, through the comproportionation of ammonium and NO and the input of three electrons. It is unclear how these electrons are delivered to hydrazine synthase. Here, we report the discovery of a functional tetraheme c-type cytochrome from the anammox bacterium
Introduction
Anaerobic ammonium-oxidizing (anammox) bacteria use nitrite as their terminal electron acceptor and produce dinitrogen gas (N2). These microorganisms first reduce nitrite to nitric oxide (NO) and then use hydrazine synthase (HZS), an enzyme unique to anammox bacteria, to combine NO with ammonium to form hydrazine. HZS is a heterotrimeric protein complex that harbors two spatially separated active site hemes and catalyzes the formation of hydrazine (1, 2) . In HZS, 3 the reductive conversion of nitric oxide (NO) yields hydroxylamine (NH2OH), which is then combined with ammonia through a comproportionation reaction (2) .
The produced hydrazine is subsequently oxidized to N2 by hydrazine dehydrogenase (HDH) (3, 4) releasing four low-potential electrons that are used for carbon fixation and the preceding catabolic reactions such as hydrazine synthesis (5, 6) .
The entire HZS gene cluster (kuste2854-61)
is conserved in all sequenced anammox genomes, and two of the gene products (kuste2855-56 or KSMBR1_3597-3578 in the anammox bacterium Kuenenia stuttgartiensis) form a membraneassociated protein complex (7, 8) . This complex is suggested to form the membrane-bound, quinol-interacting electron transfer module (ETM) of HZS, and either interact directly with HZS, or work in tandem with a soluble electron carrier (5) . The latter is the product of another gene from the HZS cluster (kuste2854 or KSMBR1_3596), hereafter referred to as KsTH ('Ks' standing for Kuenenia stuttgartiensis and 'TH' for Tetraheme). KsTH is a 236-amino-acid cytochrome c protein that contains three canonical heme c binding sites and belongs to the c554 protein family (9) . Cytochrome c554 is a crystallographically resolved tetraheme c-type cytochrome that is suggested to accept electrons from hydroxylamine oxidation catalyzed by hydroxylamine oxidoreductase (HAO) (10, 11) . C554 harbors three hexa-coordinated hemes (i.e., heme 1, 3, and 4 in order of appearance in the sequence) and one pentacoordinated high-spin heme center (heme 2) (12) . Heme 2 of c554 has also been implicated in NO binding and catalysis, albeit the latter remains inconclusive (13) (14) (15) (16) .
Many reactions in the anaerobic ammonium oxidation pathway involve the activity of ctype cytochromes (17) . Indeed, anammox bacteria encode more than 60 cytochrome c proteins in their genomes, and their discovery enriched our knowledge on metabolic reactions that occur in nature (1, 2, 4, 18) . Investigation of the biochemical by guest on http://www.jbc.org/ Downloaded from 4 reactions that underlie the anammox metabolism through the characterization of key enzymes has led to the discovery of novel properties of c-type cytochromes and the reactions they can catalyze (1-4, 18, 19) .
Cytochrome c proteins are characterized by one or more c-type heme cofactors that are covalently bound to the protein backbone.
The two vinyl groups of a heme b moiety form thioether bonds with the sulfhydryls of two cysteine residues that are commonly arranged in the highly conserved amino acid sequence CXXCH, the canonical hemebinding motif (20) . Although the functional implications of covalent heme attachment are not fully understood, it has been proposed that it enhances protein stability and allows for more solvent-exposed heme centers (21). The histidine residue of the CXXCH motif typically serves as the proximal ligand to the heme iron, whereas the distal ligand is often a histidine or a methionine residue at a variable distance from the motif in the amino acid sequence (22) . Even though the canonical CXXCH is by far the most common heme-binding motif, several cytochromes with more than two residues separating the cysteines have been described. 
Results and Discussion

KsTH harbors four c-type heme cofactors
The gene product of kuste2854 was purified directly from K. stuttgartiensis biomass by a three-step purification protocol. The purified protein migrated as a monomeric species on both native and SDS-denaturing PAGE. Peptide mass fingerprinting using MALDI-TOF mass spectrometry verified the identity of the protein as kuste2854.
Tandem mass spectrometry analysis of the intact, albeit denatured full-length protein established a molecular mass of 26095.3 Da for the monoisotopic species ( Figure 1A) .
The theoretical value of the apoprotein without the N-terminal targeting sequence In optical spectroscopy, oxidized high-spin
hemes with a single axial ligand exhibit a Soret maximum around 390 nm and a charge transfer absorption band around 600 nm, whereas in the reduced state a broad signal around 430 nm is generally observed (13, 27) . Neither of these two features were observed in the KsTH spectra ( Figure 4 ). In EPR spectroscopy high-spin hemes give rise to a strong signal centered at g=6 (27, 7 signal. In the case of a multi-heme protein such as KsTH these interaction signals are situated between the signals of the individual hemes. For example, such a signal is observed for c554 at g=3.9. Nothing similar could be observed for KsTH.
Furthermore, the EPR spectrum of KsTH was very similar to the spectrum of c554 at pH 12, where all hemes of c554 have been shown to be low-spin (30) .
Heme axial ligation is inferred based on spectroscopy and sequence homology
The Figure 4C) .
Otherwise, the EPR spectra were nearly featureless, indicating that the NO-bound hemes were oxidized, except for the above- 
Contracted heme-binding motifs are present in a variety of genomes
The discovery of a naturally occurring contracted heme-binding motif in TH prompted us to investigate whether contracted binding sites also occurred in proteins other than KsTH and its orthologs.
We found 107 multiheme proteins that also contained the CXCH motif, which were widely spread across different phyla and present in both Archaea and Bacteria (Figure 8 ; Supplementary Table 1 
Experimental Procedures
All chemicals used were purchased from Sigma-Aldrich, unless stated otherwise.
High-performance liquid chromatography (HPLC)-grade chemicals were purchased from Baker, USA. All purification steps took place in ambient air and at 4°C. 
Cell-free extract preparation
Protein Sequence Analyses
Protein sequence homology searches were performed against selected entries using the BlastP program at the NCBI website. Nterminal signal cleavage sites were predicted with SignalP 4.1 (47) . Multiple sequence alignments were performed using Muscle (48) as implemented in the EMBL web server and then manually curated.
Mass spectrometry
Samples for matrix-assisted laser desorption ionization time-of-flight (MALDI-TOF) mass spectrometry were prepared as described previously (49) . (50), using bovine serum albumin as standard. The pyridine hemochrome assay was performed as described previously (51) .
Bioinformatic analyses
The NCBI non-redundant (nr) database and all publicly available genomes from the NCBI were surveyed for the contracted heme-binding motif. Sequences that contained a CXCH motif, while also containing a CXXCH motif were retrieved.
Sequences were excluded if the CXCH motif was CCCH, CXCCH, or CCXCH. 
